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The recently determined primary structure of glucose dehydrogenase from ~a~i~~as megater~~m was 
scanned by computerized comparisons for similarities with known polyol and alcohol dehydrogenases. The 
results revealed a highly significant similarity between this glucose dehydrogenase and ribitol dehydro- 
genase from Klebsiella aerogenes. Sixty-one positions of the 262 in glucose dehydrogenase are identical 
between these two proteins (23% identity), fitting into a homology alignment for the complete polypeptide 
chains. The extent of similarity is equivalent to that between other highly divergent but clearly related 
dehydrogenases (two zinc-containing alcohol dehydrogenases, 25%; sorbitol and zinc-containing alcohol 
dehydrogenases, 25%; ribitol and non-zinc-containing alcohol dehydrogenases, 20%), and suggests an 
ancestral relationship between glucose and ribitol dehydrogenases from different bactera. The similarities 
fit into a previously suggested evolutionary scheme comprjsing short and long aIcohol and polyol 
dehydrogenases, and greatly extend the former group to one composed of non-zinc-containing alcohol- 
polyol-glucose dehydrogenases. 
Short dehydrogenase 
1. INTRODUCTION 
Two different types of similarities have been 
established between various pyridine-nucleotide 
linked dehydrogenases. One is a folding simiiarity 
in the coenzyme-binding domains of different 
dehydrogenases, initially observed from crystallo- 
graphically determined structures (review [ 11). It is 
widespread and can be used to predict where this 
domain is located, as for example demonstrated 
for Drosophila alcohol dehydrogenase [2] and a 
mammalian glycerophosphate dehydrogenase [3]. 
The other concerns amino acid sequence simila- 
rities and folding similarities comprising more or 
less entire protein chains of different dehydro- 
genases, strongly suggesting evolutionary diver- 
gence of separate activities from a common ances- 
tor. This type of relationship (independent of and 
beyond characterized isozyme variants) is apparent 
Non-zinc ai~oho~ dehydroge~ase 
for liver sorbitol dehydrogenase and liver alcohol 
dehydrogenase 141, and separately also for lactate 
dehydrogenase and malate dehydrogenase (cyto- 
plasmic/mitochondrial) [5,6], as well as presum- 
ably for a bacterial ribitol dehydrogenase and an 
insect alcohol dehydrogenase [7]. 
On the basis of the latter complete-molecule 
homologies, an evolutionary scheme has been sug- 
gested, comprising two groups of alcohol/polyol 
dehydrogenases [7]. One is composed of long 
polypeptides (- 350 residues) containing ligands to 
catalytic zinc [8], the other of short polypeptides 
( - 250 residues) apparently lacking zinc 171. In ad- 
dition, common building unit(s) between the two 
types appear likely [7] as well as additional enzyme 
members in each group (for example, possibly a 
15-hydroxyprostaglandin dehydrogenase [9], 
beside the originally suggested alcohol/polyol 
dehydrogenases). 
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When the primary structure of a glucose de- 
hydrogenase became available [lo], it was screened 
against all these enzymes for further tests of any 
relationships. This report shows that a highly 
significant fit against ribitol dehydrogenase was 
found, greatly improving the similarities within the 
group of short dehydrogenases, and extending that 
group to include glucose dehydrogenase. This find- 
ing supports the general scheme of divergence into 
two types of alcohol dehydrogenases, and suggests 
the superfamily to contain alcohol-polyol-sugar 
dehydrogenases. 
2. MATERIALS AND METHODS 
The primary structures of glucose dehydrogen- 
ase from Bacillus megaterium [lo], alcohol 
dehydrogenase from horse liver [ll], Saccharo- 
myces cerevisiae [ 121 and Drosophila melanogaster 
[ 131, sorbitol dehydrogenase from sheep liver [ 141, 
and ribitol dehydrogenase from Klebsiella 
aerogenes [15] were compared in segments of 
variable span [16] comprising the entire molecules 
as described for other polypeptides [17, 181. Secon- 
dary structures were predicted [19] as in [20]. 
3. RESULTS 
3.1. Comparisons show significant structural 
relationships between glucose dehydrogenase 
and ribitol dehydrogenase 
The amino acid sequence of glucose dehydro- 
genase was compared with primary structures of 
horse liver, yeast and Drosophila alcohol dehydro- 
genases, sorbitol dehydrogenase, and ribitol 
dehydrogenase to test for any similarities. In each 
case, the comparison was carried out in spans of 30 
residues, covering all possible segments of both 
proteins in each pair, and the results were related 
to chance coincidences in randomly generated pro- 
teins with identical compositions [ 171. Similarly, 
glucose dehydrogenase was compared with itself to 
test for any repeats in the structure. 
The best matches obtained between any 30-resi- 
due segments are shown in table 1 for each com- 
parison with glucose dehydrogenase. As expected 
Table 1 
Values for maximal identities between glucose dehydrogenase and other alcohol/polyol 
dehydrogenases 
GlcDH Maximal Number of Length of such similarities 
compared positional such segment (in number of constituent 
with identities similarities 30-residue segments with 
(per 30 residues in different positional identities 
alignments > 8/30) 
(1) (2) (3) (4) 
LADH 8-10 10 l-2 
YADH 8 13 1 
DADH 8 4 1 
SDH 8-9 14* l-3 
GlcDH 8 7 l-2 
RDH 13 1 7 
11 1 8 
1 
C:18 
10 1 3 
8-10 7 l-2 
GlcDH, glucose dehydrogenase; LADH, YADH, DADH, liver, yeast, Drosophila alcohol 
dehydrogenase; SDH, sorbitol dehydrogenase; RDH, ribitol dehydrogenase. In all cases, the 
lumped alignments with 8-10 identities per 30 residues are non-unique and cover single 
segments, while the top alignments with RDH are significantly different (uncorrected P value 
of 7.0 x lo-’ for random coincidence disregarding the number of comparisons; that is 3-4 
orders of magnitude lower than the P values for the other similarities listed), unique and 
longer, covering many 30-residue spans 
* Five of these with shifts close to 170 residues (cf. text) 
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from the results with the randomly generated pro- 
teins (when P, uncorrected for number of com- 
parisons, is - 0.01 for 8 identities/30 residues), the 
real proteins generally show maximal similarities at 
the level of about 8-10 identities/30 residues (table 
1, column 2). This level largely represents the top 
random matches, as revealed by many (table 1, col- 
umn 3) and unordered such alignments, and by 
small sizes in each case (table 1, column 4). 
However, ribitol dehydrogenase was found to be 
significantly similar to glucose dehydrogenase, giv- 
ing much better values in all types of estimates 
than expected from chance. Thus, maximal iden- 
tities in 30-residue segments were 13 (table 1, col- 
umn 2), this alignment and two others with lo-11 
identities/30 residues were unique (table 1, column 
3), differing only by single-residue shifts compati- 
ble with the presence of gaps, and all alignments 
covered large parts of the polypeptide chains as 
shown by the fact that they together account for 18 
different 30-residue segments (table 1, column 4), 
in these 250-odd residue polypeptides. Apart from 
the 3 ordered alignments, the general background 
level of random similarities was also detected in the 
ribitol dehydrogenase/glucose dehydrogenase pair 
(bottom row, table 1). 
The 3 significant ribitol dehydrogenase/glucose 
dehydrogenase alignments detected (table 1) fit in- 
to one alignment by introduction of a few gaps at 
3 positions, as shown in fig. 1. The single align- 
ment thus obtained gives 61 identities between the 
whole molecules, thus covering 23% of all residues 
(262) in glucose dehydrogenase and 25% of all 
(246) in ribitol dehydrogenase. For long polypep- 
tide chains, these values are extensive, resembling 
values obtained for proteins of established rela- 
tionships, such as Pz-microglobulin and immuno- 
globulin domains [21], or yeast alcohol dehydro- 
genase/liver alcohol dehydrogenase also giving 
23-25’70 [4]. Thus, it can be concluded that glucose 
GlcDH 
RDH MKHSVS 
EEIKKV 
-----L 
120 130 140 150 160 170 180 
190 200 210 220 230 240 
250 260 
FADGGMTQYPSFEAGRG 
NSVDL 
Fig. 1. Homology alignment between glucose dehydrogenase (GlcDH) from B. megaferium [lo] and ribitol 
dehydrogenase (RDH) from K. aerogenes [15]. Positional identities are boxed. 
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Table 2 
Residues in glucose dehydrogenase that are conserved in
the alignment of fig. 1 
Residue 
CYs 
ASP 
Asn 
Thr 
Ser 
GlU 
Gin 
Pro 
GUY 
Ala 
Val 
Met 
Ile 
Leu 
T yr 
Phe 
Trp 
Lys 
His 
Arg 
Sum 
Conserved 
2 
3 
3 
1 
4 
1 
1 
9 
9 
8 
2 
4 
3 
1 
1 
2 
4 
3 
61 
% of total 
18 
21 
23 
5 
15 
50 
10 
38 
36 
33 
18 
20 
21 
13 
13 
50 
21 
- 
50 
23 
dehydrogenase and ribitol dehydrogenase protein 
chains are structurally related and that this is visi- 
ble, except possibly for the very C-terminal parts, 
over their entire lengths. Furthermore, as is typical 
for distantly related proteins [4], glycine is among 
the most conserved residues of those of common 
occurrence (table 2). 
3.2. Domain assignments in glucose 
dehydrogenase 
Coenzyme-binding domains of pyridine-nucleo- 
tide linked dehydrogenases have 6 @-strands in 
patterns of alternating rw/fi secondary structures 
[I]. Attempts at predictions of secondary struc- 
tures for glucose dehydrogenase revealed several 
such alternating structures, most clearly in the N- 
terminal half (with possible P-strands at positions 
8-14, 33-38, 64-70, 85-92, 112-I 16 and 128-133, 
although predictions may also suggest a few addi- 
tional strands). The first two of the strands men- 
tioned clearly fit the first two P-strands known or 
predicted for coenzyme-binding domains of other 
alcohol/polyol dehydrogenases, as shown in fig. 2. 
They also reveal that critical glycine residues in 
space-restricted coenzyme-adjacent positions [I] 
are conserved (fig. 2) provided a few gaps are ac- 
cepted. These glycine residues correspond to posi- 
tions 199,201 and 204 in liver alcohol dehydrogen- 
ase [22] and to positions 14, 18 and 20 in glucose 
dehydrogenase. They have expected spacing and 
surroundings [l, 22, 231 typical for similar coen- 
zyme-binding. Consequently, these residues, the p- 
predictions and the massive identities in this region 
among all characterized alcohol/polyol/sugar 
dehydrogenases suggest hat the coe~yme-binding 
domain of glucose dehydrogenase can be identified 
as occurring in the N-terminal half of the protein 
chain, with PA starting at about position 8. 
LADH 
YADH 
SDH 
GlcDH 
RDH 
DADH 
201 204 
* _ 
- Ala 
_ _ 
Ser Thr 
Ala Ser 
- _ 
Fig. 2. Ahgnments between B-predicted secondary structures in glucose dehydrogenase (GkDH) and the other 
dehydrogenases (abbreviated as in table 1). The predictions and homologies strongly suggest hat @A and @B strands 
as well as GIy residues typical for coenzyme-binding domains [1,20] are conserved as shown. Outlines for these strands 
and numbers for the glycine residues given at the top are from the crystallographically determined 1201 structure of 
LADH. Positions with identical residues (or only Val/Ile/Leu exchanges) are boxed. Positions shown are 192-204 and 
217-224 for LADH, 170-183 and 196-202 for YADH, 170-182 and 194-202 for SDH, 7-20 and 32-39 for GlcDH, 
14-27 and 39-46 for RDH, 7-19 and 32-39 for DADH. 
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4. DISCUSSION 
4.1. Homology and structure-function 
relationships 
The values in table 1 and identities in fig. 1 
establish that glucose dehydrogenase (B. megate- 
rium) and ribitol dehydrogenase (K. aerogenes) 
from two different bacteria are clearly homolo- 
gous. The homology covers the whole protein 
chains and is compatible with ancestral connec- 
tions in an evolutionary relationship (below). 
Functionally, the coenzyme-binding domain of 
glucose dehydrogenase is suggested to occupy the 
N-terminal half of the polypeptide chain. Conse- 
quently, binding of NAD (or NADP [24]) may be 
ascribed to this part. This is suggested from 3 dif- 
ferent facts: 
(i) Direct prediction of secondary structures in- 
dicates a possible pattern of P-strands with 
alternating cy-helices in this region. Two of 
these strands coincide with the extensive 
homologies (fig. 2) towards the first two such 
strands in other dehydrogenases, even fitting 
those dehydrogenases (alcohol/sorbitol 
dehydrogenases) that elsewhere hardly show 
any structural similarities with glucose dehy- 
drogenase (cf. table 1). 
(ii) Previous secondary structure predictions 
have suggested that ribitol dehydrogenase [7] 
and Drosophila alcohol dehydrogenase [2] 
also have their coenzyme-binding domains in 
the N-terminal halves, and these predictions 
coincide positionally with the region in glucose 
dehydrogenase that is anyway homo- 
logy-related to ribitol dehydrogenase (fig. 1). 
Consequently, 3 separate secondary structure 
predictions ([2,7], and this work) and the 
present entire homology (fig. 1) fit in the 
assignment of the coenzyme-binding domain 
to the N-terminal part of glucose dehydrogen- 
ase. 
The third support for this assignment is sug- 
gested by some weak sorbitol dehydrogenase/glu- 
case dehydrogenase similarities. Thus, several of 
the background similarities for this dehydrogenase 
pair in table 1 are consistent with a weak partial 
similarity between the N-terminal region of glucose 
dehydrogenase and the region shifted to about 
position 170 in sorbitol dehydrogenase, also ex- 
plaining the presence of some longer alignments 
194 
(l-3 constituent 30-residue segments, table 1) in 
that comparison. 
Combined, the comparisons uggest a clear rela- 
tionship between glucose dehydrogenase and 
ribitol dehydrogenase, plus an assignment of 
coenzyme-binding in glucose dehydrogenase to the 
N-terminal part, as revealed by secondary struc- 
ture predictions and some partial sequence simila- 
rities to additional alcohol/polyol dehydrogenases. 
4.2. Evolutionary scheme 
The demonstration of a glucose dehydrogenase/ 
ribitol dehydrogenase relationship extends and 
considerably strengthens a previously suggested 
evolutionary scheme. Thus, alcohol/polyol de- 
hydrogenases have been suggested to be divided in- 
to two evolutionary branches, one containing 
small (- 250 residues) protein chains without zinc, 
and one containing long (- 350 residues) protein 
chains with zinc [7]. The small protein chains were 
previously confined to Drosophila alcohol 
dehydrogenase and Klebsiella ribitol dehydro- 
genase, which only have just-discernible 
similarities [7], whereas the long protein chains 
were previously represented by extensively similar 
protein chains from sorbitol and zinc-containing 
alcohol dehydrogenases [7]. Now, this imbalance 
between the two branches has been removed, and 
the ribitol dehydrogenase/glucose dehydrogenase 
pair among the small protein chains is as related 
(23-25%) as the sorbitol dehydrogenase/alcohol 
dehydrogenase pairs among the long protein 
chains [4]. Consequently, support for the whole 
scheme is considerably stronger. At the same time, 
the previous two types of enzymes, alcohol dehy- 
drogenases and polyol dehydrogenases, are now 
extended by a sugar dehydrogenase as shown in 
fig. 3. Although these activities formally all con- 
cern a hydroxyl group, the substrates are disting- 
uishable and the enzymes were previously not ex- 
pected to be related in this manner. Superficial 
properties may also suggest that still further 
hydroxyl-attacking enzymes may belong to the 
branch of small dehydrogenases in this scheme 
(fig. 3), for example possibly 15hydroxyprostag- 
landin dehydrogenase with similar composition 
and small size [8]. It may be concluded that 
alcohol/polyol/sugar dehydrogenases form a com- 
plex superfamily of related proteins. As shown in 
fig. 3, this superfamily contains two probably 
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Yet tentative 
building unit(s) 
"short" dehydrogenases "long" dehydrogenases 
tlOfl-Zn Zn 
Bacterial Bactertal Insect Possibly 
glucose ribltol alcohol other 
dehydrogenase dehydrogenase dehydrogeoase dehydrogenases 
(tetrameric) (tetramerlc) (dimerlc) (perhaps a dimerlc 
mammalian 15 PGDH?) 
Dlmeric Tetramerlc Tetramenc 
alcohol alcohol polyol 
dehydrogenase dehydrogenase dehydrogenase 
(type LADH) (type YADH) (type SDH) 
Fig. 3. Scheme of suggested relationships within alcohol-polyol-sugar dehydrogenases. Early separation into two types 
and inclusion of polyol dehydrogenases are from 171. Early binding units are not characterized and entire chains need 
not be repeats or rearrangements of just one unit. Addition of glucose dehydrogenase is from fig. 1. The possible inclu- 
sion of 15hydroxyprostaglandin dehydrogenase (15PGDH) is as yet completely tentative, from total composition only 
[9]. Liver and yeast alcohol dehydrogenase (LADH) and YADH, respectively); sorbitol dehydrogenase (SDH). 
divergent Iines, presently distinguished by protein 
chains of different sizes and by the presence or 
absence of catalytic zinc. They furthermore 
demonstrate volution of similar enzyme activities 
(alcohol dehydrogenases) eparately in these long 
and short lines, thus demonstrating functional 
convergence but structural divergence. Finally, the 
inclusion of glucose dehydrogenase in this scheme 
further strengthens the conclusion that the quater- 
nary structure is an apparently late and variable 
property in evolution since members of both lines 
suggest the presence of both dimeric and tetra- 
merit molecules (fig. 3). 
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